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Current-voltage characteristics of the planar magnetron are studied experimentally and by numerical
simulation. Based on the measured current-voltage characteristics, a model of the planar magnetron
discharge is developed with the background gas pressure and magnetic field used as parameters. The
discharge pressure was varied in a range of 0.7–1.7 Pa, the magnetic field of the magnetron was of
0.033–0.12 T near the cathode surface, the discharge current was from 1 to 25 A, and the magnetic
field lines were tangential to the substrate surface in the region of the magnetron discharge ignition.
The discharge model describes the motion of energetic secondary electrons that gain energy by
passing the cathode sheath across the magnetic field, and the power required to sustain the plasma
generation in the bulk. The plasma electrons, in turn, are accelerated in the electric field and ionize
effectively the background gas species. The model is based on the assumption about the prevailing
Bohm mechanism of electron conductivity across the magnetic field. A criterion of the self-sustained
discharge ignition is used to establish the dependence of the discharge voltage on the discharge
current. The dependence of the background gas density on the current is also observed from the
experiment. The model is consistent with the experimental results. © 2010 American Institute of
Physics. doi:10.1063/1.3431098
I. INTRODUCTION
Magnetron sputtering is one of the most widely used
techniques for thin film deposition and ion etching.1,2 The
magnetron systems have a number of advantages including
clean plasma production absence of microparticles, high
deposition rates of about 0.1 m /min, and relative low
substrate temperatures of about 500 K. Recently, plasma-
enhanced magnetron sputtering systems have been success-
fully used in a variety of advanced applications including
synthesis and processing of micro- and nanoparticles.3–6
However, the theory of magnetron discharges is still in-
complete in spite of the fact that it is closely related to low-
pressure discharges7,8 in crossed electric and magnetic field,
which have been widely investigated.9–14 A magnetron dis-
charge is essentially a glow discharge, which is sustained by
secondary electrons produced at the cathode through the im-
pact of energetic ions.15–17 A distinctive feature of the mag-
netron discharge is the application of a magnetic field, the
shape of which strongly affects the discharge structure as
well as the discharge current. The magnetic field is usually
weak of about 10−3–10−1 T and cannot magnetize the
plasma ions, so the electrons are considered a magnetized
component, whereas the ions are not. Under the condition of
limited electron mobility across the magnetic field, each
magnetic field line is also a nearly equipotential line of the
electric field. Thus, the electric potential changes strongly
across the magnetic field; hence, a strong electric field can be
generated and used for ion acceleration in the direction per-
pendicular to the magnetic field.18
A magnetic field perpendicular to the electric field in-
creases the mean-free-path of the electrons and significantly
increases the ionization rate. A confinement of the secondary
electrons by the magnetic field in a region near the cathode
closed electron drift results in a relatively high plasma
density.19 Thus, electron conductivity across the magnetic
field determines the plasma parameters and is one of the
critical issues for the development of advanced plasma sys-
tems with crossed electrical and magnetic fields.20–23 Several
conductivity mechanisms, namely the classical, Bohm-type
mechanisms and the near-wall conductivity can be dominant
under different plasma conditions.18,24,25
Another important point is a proper understanding of the
elementary process occurring within the ionization region
where most of the electron-ion pairs are created. The dis-
charge voltage is usually estimated as Uc /eff, where c
is the energy lost per electron-ion pair created by secondary
electrons and eff is the effective secondary electron emis-
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sion coefficient.12,15,26 However, this estimate is fairly quali-
tative and several assumptions about the discharge sustaining
mechanism need to be made. For example, it is often as-
sumed that the secondary emission coefficient is greatly in-
fluenced by the applied magnetic field eff0.5, where 
is the secondary electron emission coefficient without a mag-
netic field or that photon impacts are particularly important
for generating up to a half of the primary electrons.22,27 The
ionization and charged particle transport in turn determine
the practically important current-voltage characteristics of
the discharge.
For dc magnetrons, the discharge current is usually ex-
pressed in the exponential form I=aUk, where U is the ap-
plied voltage and k is considered a measure of the efficiency
of electron trapping by the magnetic field. The value of k
varies in the range from 1 to more than 10 depending on the
target, magnetic field, and sputtering pressure.28,29 Neverthe-
less, this form is not sufficiently accurate to predict the per-
formance specification of any particular magnetron sputter-
ing system with different design features, cathode materials,
kind and pressure of the background gas, magnetic field, and
other parameters.
In this work, the current-voltage characteristics of the
magnetron discharge are obtained for different background
gas pressures and applied magnetic fields. The experimental
results are then used as input parameters for the model of
electron transport. This model describes the motion of sec-
ondary electrons emitted from the magnetron cathode and
bulk electrons generated within the ionization gap. The re-
sults of our calculations are particularly useful to clarify the
structure of magnetron discharges. This new knowledge can
also lead to much better understanding of the physics of
discharges in crossed electric and magnetic fields.
II. EXPERIMENTAL SETUP AND PROCEDURE
The experimental system is shown schematically in Fig.
1. A disk magnetron source with a diameter of 220 mm and
height of 150 mm was mounted in a cylindrical vacuum
chamber 500500 mm2. The magnetron contained a disk-
shaped cathode made of polished stainless steel. The cathode
diameter was 400 mm; its thickness was 8 mm.
The gas feed system, which consisted of mass flow con-
trollers and digital readouts, maintained a nitrogen gas pres-
sure in the range from 0.01 to 10 Pa. The cathode was under
a negative potential relative to the grounded vacuum cham-
ber walls. The experiments were performed under the fol-
lowing conditions. A magnetic field B0 above the cathode of
the magnetron was varied in the range from 0.033 to 0.12 T.
In the region of the magnetron discharge ignition, the mag-
netic field lines are parallel to the substrate, where the radius
of curvature of the magnetic field lines is about 60 mm.15
The gas pressure was varied in a range of 0.7–1.7 Pa under a
constant magnitude of the magnetic field. The negative volt-
age between 250 and 900 V was applied to the cathode.
Under such conditions, a self-sustained magnetron discharge
was ignited, and the current-voltage characteristics of the
discharge were measured. The duration of each experimental
run was 10 s at a constant sputtering power.
III. EXPERIMENTAL RESULTS
The discharge appeared in the form of a brightly glowing
circular plasma ring of about 2–3 cm in height, hovering
above the cathode; the photo of the discharge is shown in
Fig. 2a. When the discharge current I increased, the dis-
charge expansion was also observed. Above a certain thresh-
old value, the discharge volume remained almost unchanged,
while the brightness continued to increase with the current.
The ions produced in this region are accelerated to the cath-
ode, causing the erosion of the target, in an area known as a
“race track” or a sputter trench. The measured internal radius
Rmin and width of the sputter trench ws were about 5 and
6 cm, respectively. It was also observed that the discharge
brightness and ion current to the magnetron cathode strongly
depend on the gas pressure and the magnitude of the applied
magnetic field.
The measured current-voltage characteristics of the dis-
charge are shown in Figs. 2b–2e. In the first series of
experiments lowest magnetic field used in these experi-
ments, 0.033 T, Fig. 2b, we have measured voltage-current
characteristics with a target discharge current of 9 A.
The current reaches 9 A at the discharge voltage of 800 V for
a lower pressure 0.7 Pa. With the pressure increasing to
1.7 Pa, a lower voltage is required to obtain the discharge
current of 9 A.
In the second series of our experiments, a target current
of 24 A was used. These measurements were made for the
three magnetic field values: 0.055, 0.09, and 0.12 T. In all
cases, the increase in the magnitude of the magnetic field
made it possible to maintain the above target current at lower
voltages: 720 V for 0.055 T, 590 V at 0.09 T, and 550 V at
0.12 T. The measurements were repeated for the identical set
of the four pressure values; in all cases the increase in the gas
pressure allowed one to reaching the target discharge current
at lower voltages. For example, the increase in the gas pres-
sure from 0.7 to 1.7 Pa led to the voltage decrease from 720
to 550 V for the constant magnetic field of 0.055 T.
FIG. 1. Experimental setup.
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IV. MODEL OF PLASMA DISCHARGE
In order to describe the measured current-voltage char-
acteristics of the planar magnetron discharge, a model of
plasma transport in the crossed magnetic and electric fields is
developed. The ionization processes and potential distribu-
tion along the discharge gap incorporated in the model are
shown schematically in Figs. 3a and 3b. The ions are not
confined by the magnetic field and are accelerated by the
electric field toward the cathode. The radius of curvature of
the magnetic field lines is Rc. The secondary electron emis-
sion and cathode material sputtering are produced through
the interaction of the ions with the cathode. The electrostatic
sheath potential reflects the electrons from the cathode sur-
face; there can also be some mirroring due to the nonuniform
magnetic field.
When the secondary electrons move across the cathode
sheath of thickness s, they become energetic primary elec-
trons within the plasma and gain energy e0=Us, where Us is
the voltage drop across the sheath. The primary electrons are
trapped in magnetic field B0 with the electron gyroradius
rce=2me0 /eB2 effectively ionizing the working gas, thus
eventually generating electrons in the plasma bulk.24
The primary electrons pass across the magnetic field
lines through diffusion and lose their energy by ionizing the
neutrals. This determines the distance Lpr that the primary
electrons can move within the ionization gap Lion. The elec-
tron energy losses in the ionization gap can be determined
from the following expression:30

z
= E −
i
Ved
c, 1
where  is the electron energy expressed in eV, E is the
electric field in the ionization region expressed in V/m, Ved is
the electron drift velocity expressed in m/s, i is the neutral
ionization frequency expressed in 1/s, and c is the colli-
sional energy loss per electron-ion pair created, eV. In Eq.
1, the energy losses of the highly energetic primary elec-
trons due to collisions with bulk electrons are neglected due
to the small cross section of the process.22 Since the primary
electrons lose their energy almost entirely, the following con-
dition is implied in the ionization region, Eic /Ved,31 and
Eq. 1 can be simplified:
E
z
= −
i
Ved
c.
The neutral ionization frequency is determined as
i=navei, where na is the neutral density expressed in m−3,
ve is the electron velocity expressed in m/s, i is the cross
section for ionization electron collisions with neutrals ex-
pressed in m2, and the electron drift velocity is Ved=eE,
where e is the electron mobility.24
Considering the Bohm conductivity as the dominant
mechanism for electron conduction across the magnetic
field,32 one can note that the fluctuations of the electric field
with the frequency B=c /	B play a similar role to electron-
neutral collisions in the classical mechanism case. The Bohm
mobility can be expressed as
eB =
e
m
B
c
2 =
1
	BB
, 2
where 	B is a numerical coefficient commonly obtained by
fitting to the experimental data.1,32
Thereafter, Eq. 1 may be rewritten as
FIG. 2. Color online a Photograph
of the discharge and current-voltage
characteristics of the discharge with
the gas pressure as a parameter for dif-
ferent magnetic fields: b 
0.033 T,
c 
0.055 T, d 
0.09 T, and e

0.12 T.
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
z
= −
cnai	BB
E
2e
m
. 3
The dependence of the electron energy on the position z is
determined by integration

Us
 d
1/2
= − 
0
z cnai	BB
E 2em 	
1/2
dz , 4
which leads to
1/2 = Us
1/2
−
cnai	BB
2E 2em 	
1/2
z . 5
To calculate the distance Lpr that the primary electrons
can move within the ionization region, the following as-
sumptions have been made. First, the primary electrons can
ionize the neutrals until their energy is decreased within the
range Us ;Lion. The second assumption implies that the
electric and magnetic fields are constant E ,B=constant
throughout the ionization gap
E =
Upr
Lpr
, 6
where Upr is the potential drop across the distance Lpr.
The distance Lpr can be determined from Eq. 5
Lpr =  m2e	
1/4 2Upr
cnai	BB
	1/2Us1/2 − Lion1/2 1/2 7
by taking into account the condition Lpr=Lion. The depen-
dence of the electron energy on the position can then be
determined from the expression
1/2 = Us
1/2
−
Us
1/2
− Lion
1/2
Lpr
z . 8
The increase in the electron current density je1r due to
the ionization of the neutrals by the primary electrons within
the ionization gap is described by the following continuity
equation:
je1
r
+
 je1
r
r = je0
vi
Ved
= je0
nai	BB
E 2em 	
1/2
, 9
where je0 is the initial electron current density emitted from
the cathode we have assumed that je1Rc je0. The solu-
tions of Eq. 9 with substitution of z=r–r0 are
je1z =
je0
1 + z/Rc


0
z
nai	BB
E 2em 	
1/21 + zRc	dz + 1
10
for z 0¯Lpr and
je1z =
je0
1 + z/Rc


0
Lpr nai	BB
E 2em 	
1/21 + zRc	dz + 1
11
for zLpr.
On the other hand, the bulk electrons generated due to
the ionization of the neutrals by the primary electrons can
gain sufficient energy and ionize the neutrals due to the pres-
ence of the electric field within the ionization gap. Since the
energy of the bulk electrons is not high of about a few eV,
they experience intense collisions in the plasma.15 These col-
lisions eventually result in the Maxwellization of the electron
distribution function. In this case, the process of the electron
multiplication can be described by the following equation:
je2
r
+
je2
r
= 	ije2, 12
where 	i is the ionization coefficient and je2 is the electron
current density generated at point r by the initial electron
FIG. 3. Schematic of the planar magnetron discharge.
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current density dje1r for r Rc¯ Rc+Lpr and
r r¯ Rc+Lion.33
The associated increase in the electron current density at
the outer boundary of the ionization gap Lion due to ioniza-
tion of neutrals within the gap Lion−z by the bulk electrons
generated by the primary electrons at the position z is
dje2Lion,z = dje1exp	iLion − z − 1
1 + z/Rc
1 + Lion/Rc
, 13
where the condition dj2Lion ,z=0 at 	i=0 has been taken
into account. For the entire length Lion=Lpr+d of the ioniza-
tion gap, the electrons generated in the plasma bulk increase
the electron current density
je2Lion = 
0
Lpr  j1
z
zexp	iLion − z − 1

1 + z/Rc
1 + Lion/Rc
dz , 14
where
 je1
z
= je0 nai	BBE 2em 	1/2 − 1Rc1 + z/Rc2


0
z
nai	BB
E 2em 	
1/21 + zRc	dz − 1 15
is derived from Eq. 10 and is valid for z 0¯Lpr. Total
density of the electron current at the outer border of the
ionization gap
jeLion = je1Lion + je2Lion 16
is a sum of the initial current density of the primary electrons
and current densities due to ionization by the primary and
bulk electrons.
It was further assumed that the ion current entering the
ionization gap on the side of the anode is very week, and
thus the conditions of the current self-sustainment in the
sheath and ionization gap are satisfied.34 The remaining part
of the discharge shown in Fig. 3b between the ionization
gap and the anode is assumed to conduct the electron current
to the anode, and is not considered in the paper, as well as
the corresponding voltage drop of a few volts.35 The total
current density jTr through the ionization gap and the
sheath is a sum of the ion jir and electron jer current
densities, jTr= jir+ jer.
The boundary conditions at the cathode describe the sec-
ondary electron emission and those at the anode side of the
ionization gap describe the absence of ion emission34
ji0 =
1
1 + 
jT0, je0 =

1 + 
jT0,
17
jiLion = 0, jeLion = jTa,
where  is the secondary electron emission coefficient, ji0
and jT0 are the ion and total current densities to the cathode,
respectively, and jTa is the total current density to the anode
surface facing the ionization gap.
Since the total current is constant throughout the ioniza-
tion gap, the total current densities at the anode and cathode
boundaries of the ionization gap are related as
jTa = jT0
1
1 + Lion/Rc
18
and the condition for the discharge self-sustainment can be
derived by combining Eqs. 11–18,

1 + 
1 + Us1/2 − Lion1/2c 2Lpr0Lpr 1/21 + zRc	dz
+ 
0
Lpr1/21 + z/Rc − 1Rc1 + z/Rc


0
z
1/21 + z/Rcdz −
c
Us
1/2
− Lion
1/2
Lpr
2 	
exp	iLpr + d − z − 1dz = 1. 19
To establish the dependence of the ionization coefficient 	i
on the discharge parameters, the assumption about the lead-
ing role of the Bohm conductivity of the electrons across the
magnetic field was used; this is why the coefficient 	i was
expressed in the form33
	i =
1
i
=
1
a
exp− ionEa	 , 20
thus establishing the link between the mean free path i for
ionizing electron-neutral collisions, the ionization energy
ion, electric field E within the ionization gap, and the mean
free path a for elastic electron-neutral collisions. The latter
quantity can be represented as
a =
VedB
a
=
eBE
a
=
E
	BBa
=
E
	BBnaka
, 21
where a=naka is the electron-neutral collision frequency
and ka is the electron-neutral collision rate, in units of m3 /s.
Substituting the above expressions and taking into account
condition 6, one obtains
	i =
	BnakaBLpr
Upr
exp− ion	BnakaBLpr2Upr2 	 . 22
To establish the equation for the current-voltage charac-
teristic of the discharge, the experimentally observed and
theoretically described dependence of the neutral gas density
reduction on the magnetron discharge current was used.29,36
When the ions strike the cathode, the atoms are ejected from
the cathode surface with some sputter yield and energy.
These atoms collide with the background gas, thus losing the
energy, which is dissipated within the “thermalization gap”
see Fig. 3c. The result of this process is the reduction in
the background gas density near the cathode of the magne-
tron due to the gas heating and rarefaction. The thermaliza-
tion gap determines the heat source from which the heat is
transferred to the cold walls of the vacuum chamber anode
via thermal conductivity of the background gas.
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Since the geometry of typical experimental systems is
quite complex, some simplifying assumptions have been
made. The heat conduction has been considered in a spheri-
cal geometry.36 Furthermore, the minimum radius rt of the
heat source was determined through the parameters of the
race track, namely, the width ws and the internal radius Rmin
of the sputter trench see Fig. 2a. The area of the sputter
trench is 2Rminws+ws
2. Hence, the radius rt of the hemi-
spherical heat source with the area of 2rt
2 can be deter-
mined from the sputter trench area
rt = Rminws + ws22 	
1/2
. 23
The radius of the rarefied region rH can be determined
by increasing the radius rt by a small number f of mean-free-
paths a for the sputtered atom collisions with neutrals
rH = rt + fa = rt + f/nH , 24
where  is the cross section for atomic collisions with neu-
trals expressed in m2. The distance l from the center of the
heat source center the center line of the sputter trench to the
chamber walls is determined as
l = lch − Rmin + ws + rt, 25
where lch is the distance from the center line of the sputter
trench to the chamber walls half-size of the chamber in our
experiments.
The temperature difference between the hot working gas
and the chamber walls can be found from the equation for
the heat transfer from the hemispherical heat source36
TH − T0 =
Ein
2K 1rH − 1l 	 , 26
where TH is the temperature of the hot, rarefied gas, T0 is the
temperature of the vacuum chamber walls, rH is the radius of
the rarefied gas region, and K is the thermal conductivity of
the gas. In Eq. 26, Ein can be expressed as
Ein = IYvEa, 27
where I is the discharge current expressed in amperes, Yv is
the sputter yield, and Ea is the energy of the sputtered atom
expressed in eV.
Since the pressure P=nkT is assumed to be equal to the
measured pressure within the entire volume of the vacuum
chamber, the following condition is implied:
nHTH = n0T0, 28
where nH is the gas density in the rarefied region m−3 and
n0 is the gas density in the “background” region.
Using the assumption 28, the temperature difference
Eq. 26 can be written as
TH − T0 =
Ein
4Kn0f T0TH 11 + n0f T0THrt	 −
1
l  29
and the gas density in the rarefied region is determined by
solving Eq. 29,
nH = 2n01 − Ein4KlT0 − n0f rt +1 − Ein4KlT0 − n0f rt	2 + EinK n0fT0 
4KEin T0 + 1l 	rt + 1−1. 30
Finally, the current-voltage characteristics of the magnetron
discharge can be obtained from the condition of the dis-
charge self-sustainment Eq. 19 and using the substitution
na=nH.
V. NUMERICAL RESULTS AND DISCUSSION
The reduction in the gas density in the hot plasma region
as well as the ratio of the rarefied gas region thermalization
gap length fa to the total length of electron thermalization
and heat transfer regions l−rt were calculated, with the gas
pressure as a parameter. These quantities were computed in
the entire range of the discharge currents discussed in the
previous sections; the results are shown in Fig. 4.
The following parameters were used in Eqs. 23–30:
Rmin=5 cm, ws=6 cm, T0=300 K, K=0.025 W / m K,
Ea=0.5 eV, Yv=1, =3010−20 m2, and f =3. The calcu-
lations show a very strong reduction in the background gas
density near the cathode up to 65%. This reduction was
more significant at higher background gas pressures, which
is consistent with the experimental results.29,36 Since the
thermalization gap is less than the total gap between the
sputtered atom source i.e., the sputter trench and the
vacuum chamber walls, the condition of the discharge self-
sustainment 19 can be applied for all range of the measured
currents to establish the dependence of the discharge voltage
on the discharge currents due to the gas density reduction in
the ionization gap.
Equation 19 with condition na=nH was used to model
the discharge structure. Length d acted as a parameter to fit
the experimental data; other parameters of the model were as
follows: Upr=30 V, ion=16 eV, =0.025, i=10−20 m2,
ka=210−14 m3 /s, 	B=16, c=30 eV, and Lion=30 eV.
The potential drop Us across the sheath was calculated by
applying Eq. 19 to every experimental point from Figs.
2b–2e. The result of this calculation is used to compute
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the range Lpr of the primary electrons within the ionization
gap by using Eq. 7. Then the ionization gap Lion=Lpr+d
was calculated; the results are shown in Fig. 5.
The results of the ionization gap Lion calculations are
consistent with the experimental and numerical results,31,35
as well as with the visually observed size of the magnetron
discharge. Analyzing Eq. 19, it can be seen that the product
	iLion does not depend on magnetic field strength B0, while
the product 	id depends on it. Thus, the parameter d is re-
sponsible for the observed influence of the magnetic field on
the discharge current within the framework of our model.
The length d varies slightly with the discharge parameters
current, pressure for strong enough magnetic fields 0.12,
0.09 T. However, decreasing the pressure at lower magnetic
fields 0.055, 0.033 T results in a smaller length d. This
effect naturally limits the discharge expansion e.g., the satu-
ration of the ionization gap length Lion seen on Figs. 5a and
5b for P=0.7 Pa, which markedly correlates with the ex-
perimental results.
The measurements and calculations allowed us to calcu-
late the difference between the discharge voltage drop U and
the potential drop Us across the sheath Fig. 6. The value of
the voltage drop U−Us across the ionization gap is in a rea-
sonable agreement with the results of numerical simulations.
We emphasize that an increase in the pressure and the mag-
netic field strength results in lower ratios Us /U and the cor-
responding increase in the voltage drop within the plasma
region.18 At low currents, the above ratio is low, but it be-
comes larger as the current increases, and then reaches the
saturation region. The saturation level predominantly de-
pends on the magnetic field strength. This dependence is
almost linear; the saturation current is 4 A for Bo=0.033 T
and becomes 12 A when the strength of the magnetic field
increases to 0.12 T.
Here we recall that the above calculations were based on
the experimental points of the current-voltage characteristics
of the magnetron discharge as input parameters in computa-
tions. It was assumed that the experimentally measured volt-
age drop U consists of two parts: the voltage drop across the
sheath Us and the voltage drop in the ionization gap Uion. In
the process of calculations, two parameters were unknown
for each value of current I measured in the experiment:
voltage drop in the sheath Us and length d parameter of the
discharge structure. Parameter d was substituted by assum-
ing the condition of the discharge self-sustainment and thus
making it possible to determine the voltage drop across the
sheath. With the calculated voltage drop across the sheath,
the electric field in the ionization gap was calculated, which
allows one to determine the discharge voltage as a sum of the
voltage drops across the sheath and the ionization gap. The
parameter d was adjusted for each value of the discharge
current, when the calculated voltage is close to the experi-
mentally measured voltage with the accuracy of 2–3 V.
We emphasize that we have used the experimentally
measured I-V characteristics to reveal the discharge structure
and also to demonstrate that the proposed mechanism of the
discharge sustainment, which includes the “two-stage” igni-
tion as well as the dependence of the discharge current on the
background gas density in the ionization region adequately
describes the experimentally measured characteristics of the
magnetron discharge. Our combinatorial experimental and
theoretical study has provided answers to the two important
questions: i why the discharge voltage is significantly lower
than the energy lost per electron-ion pair created by second-
ary electrons divided by the secondary electron emission
coefficient, and ii why the current-voltage characteristics
of the discharge vary in such a broad range.
Another important point is that not only the secondary
electrons emitted from the cathode and accelerated within
the sheath, but also highly energetic electrons in the tail of
Maxwellian distribution of the bulk electron population play
a major role in sustaining the discharge. The energy of the
bulk electrons allows one to decrease the discharge voltage
significantly as compared to the mechanism when the sec-
ondary electrons are only involved. Another issue is the de-
pendence of the discharge current on the background gas
density. For low currents of a few amperes, our model sug-
gests that the above dependence is relatively strong. How-
ever, there is some “critical” current value depending on the
setup design, i.e., relative sizes of the magnetron and the
FIG. 4. a Gas density reduction in the hot plasma region and the ratio of
the rarefied region length fa to the total length of the rarefied gas and the
heat transfer regions l−rt b with pressure background gas density as a
parameter.
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vacuum chamber, above which the discharge current does
not depend on the gas density. This possibly happens because
the thermalization gap may reach the vacuum chamber walls.
At this critical point, the current does not depend on the gas
density anymore, and does not play an important role in sus-
taining the discharge. Any further increase in the current oc-
curs under an almost constant discharge voltage.
It is noteworthy that various modifications of magnetron
plasma discharges are becoming of a continuously increasing
interest for the synthesis and processing of advanced nano-
materials. Among the very broad range of different possibili-
ties, plasma-assisted magnetron sputtering and related tech-
niques have been particularly effective for the catalyzed and
uncatalyzed e.g., direct growth of one-dimensional and
FIG. 5. Range of primary electrons
and ionization gap vs the discharge
current with pressure as a parameter
for different magnitudes of the mag-
netic field: a 
0.033 T, b 
0.055
T, c 
0.09 T, and d 
0.12 T.
FIG. 6. Ratio of the sheath voltage
drop to the discharge voltage drop vs
discharge current with pressure as a
parameter for different magnitudes of
the magnetic field: a 
0.033 T,
b 
0.055 T, c 
0.09 T, and d

0.12 T.
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quasi-one-dimensional nanomaterials such as nanotubes,
nanowires, nanotips, nanocones, nanopyramids, and other
nanostructures made of a range of materials including car-
bon, silicon, metals, metal oxides, and many other materials
and materials systems.37–49
VI. CONCLUSIONS
The model of the planar magnetron discharge was devel-
oped by a combinatorial experimental and numerical model-
ing study of the current-voltage characteristics of the dis-
charge. The model incorporates the Bohm mechanism of
electron conductivity across the magnetic field and describes
the motion of the energetic primary electrons in the ioniza-
tion gap, as well as the electron generation in the bulk. These
electrons experience the effect of the electric field in the
ionization gap and also produce a large amount of ion-
electron pairs.
Therefore, the existence of the electric field in the ion-
ization gap significantly reduces the voltage drop necessary
to maintain the discharge current. It is demonstrated that the
discharge current and voltage correlate via the influence of
the current on the density of the background gas species near
the magnetron cathode and, hence, the ionization process.
Meanwhile, the ionization gap consists of the two main re-
gions containing both primary and bulk electrons; the bulk
electrons are primarily responsible for the plasma produc-
tion. The second region is responsible for the influence of the
magnetic field on the discharge current. The length of this
region is self-adjusted in the discharge in such a way that the
complete ionization gap length increases with the discharge
current and then saturates. The developed model allows one
to describe the experimentally measured current-voltage
characteristics within the framework of the proposed dis-
charge structure. The results of this work can be used in a
variety of practical applications involving low-temperature
plasma processing such as deposition, thin film formation,
and growth of various nanostructures in the plasma bulk and
on substrates immersed in the plasma.
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